TELEMETRY ANTENNA FOR LINCOLN EXPERIMENTAL SATELLITES LES-1 AND LES-2 INTRODUCTION
Major goals in the design and fabrication of the first Lincoln Experimental Satellite (LES) telemetry antenna were:
(a) Omnidirectional radiation patterns.
(b) Gain and efficiency high enough to provide more than the minimum effective radiated power required by the telemetry link.
(c) Minimum shadowing of the satellite's solar cells by the antenna elements.
(d) A mechanical configuration compatible with the launch package.
(e) Small-size and light-weight radiating elements, transmission lines, and impedance matching networks.
(f) Ability to withstand environmental extremes of temperature, radiation, acceleration, shock and vibration during launch and in orbit.
Several possible antenna configurations were considered, and some were tried experimentally before the present design was adopted. The size and shape of the satellite and its launch shroud imposed severe limitations on the types of antennas that could be used. Both slot and stub radiating elements were considered, slot elements being particularly attractive because, being flush, they would not shadow the solar panels. However, they occupy area which could be covered with solar cells; for this reason, small-diameter stub elements were chosen. Tested on the satellite were 1-, 2-, 4-and 6-element configurations at the VHF telemetry frequency.
Following is a description of the geometry finally selected.
II. TELEMETRY ANTENNA
The antenna consists of four j -wavelength (X) unipoles mounted on the lower corner of the triangular panels in the upper hemisphere of the satellite (Fig. 1 ). These elements are fed in phase rotation; that is, the phase of the excitation voltage to each element is delayed an amount equal to its angular displacement from a reference element. Delay is provided by a coaxial transmission-line feed harness inside the satellite. The coaxial line is the semi-rigid type with a helical-cut dielectric. Each line was measured electrically to accomplish the phasing; impedance transformers were inserted at the junction of the lines to each pair of antennas to maintain a constant impedance throughout the phasing network. Each 7-inch-long stub antenna element was matched to 50 ohms by placing a shorted shunt stub across the coaxial feed line. The polarization of the present 4-element system is invariant with rotation of the satellite because the radiators are placed symmetrically about, and parallel with, the spin axis of the satellite.
III. THEORETICAL STUDY
An investigation of radiating slotted spheres, for another application, was in progress during the development of the LES telemetry antenna. Since a small annular slot on a sphere was thought to be a good approximation to a short stub on a regular polyhedron, the mathematical model of the slotted sphere was used to calculate the telemetry antenna radiation characteristics.
First, the radiation pattern of a single, small annular slot on an equivalent sphere was calculated. The geometry and coordinate system are shown in Fig. 2 .
Radius (a) of the equivalent sphere is the mean of the maximum and minimum distance from the center of the 26-side polyhedron to its surface. A zonal slot is formed by the intersection of the sphere and the two cones defined by 0. ± a. Therefore, the slot width is 2a.
With uniform slot excitation, the radiation field is a function of 0 only. Relative field 1 strength is given by Figure 4 shows the calculated and measured radiation patterns of two elements which are on opposite sides of the sphere and the polyhedron, respectively. As before, the elements on the sphere are small annular slots, while those on the polyhedron are short stubs fed in phase opposition at 240 MHz. Agreement between the two patterns is good, with differences being attributed to imperfect excitation of the test model as evidenced by the asymmetrical measured pattern.
Results similar to those shown in Figs. 3 and 4 confirmed the validity of the assumptions on which the theoretical study was based. The investigation continued with the result that four equally spaced elements on a great circle of the sphere were found to be inadequate to meet the requirements, while six elements would be satisfactory. A computer program was formulated that would calculate the radiation pattern of any number of elements, equally spaced on a great circle of a sphere. This was combined with a random number program to introduce random errors in the phase and amplitude of the assumed excitation. These programs are presented in the Appendix.
Six elements, equally spaced on a great circle of a sphere for which ka = 1.62, were calculated to produce a radiation pattern omnidirectional to within ±0.3 db in the plane of the elements. The corresponding measured pattern was omnidirectional to within ±1.3 db. Again the difference was attributed to errors in excitation of the test model, but now this theory could be tested by introducing assumed limits to phase and amplitude errors into the computer program. This would then rapidly calculate patterns resulting from a random distribution of these errors. From several hundred patterns calculated this way, the average was found to be omnidirectional within the limits shown in Table I . Listed are the assumed limits in the standard deviation in phase and magnitude of the excitation voltages; the phase was considered to be off by no more than 10°, and the magnitude by no more than 20 percent. Opposite each set of error limits is the resulting range of departure from an omnidirectional pattern and the mean of the pattern. A magnitude error of 10 percent is quite likely, since the voltage-standing-wave ratio (VSWR) measured at a typical element is about 1.1 after careful adjustment of the matching network. Similarly, phase errors are likely to be quite small, for transmission line lengths were measured and equalized electrically. Therefore, the last case listed in Table I is most likely, and the mean departure from omnidirectional does correspond with the measured value.
The foregoing was cited mainly to show the usefulness of this type computer program. It can be used either to determine the effect of random errors or to establish tolerances for particular parameters. To do this experimentally would be impractical because of the time and labor required to make all the incremental changes and to measure the results.
Each element of the proposed 6-element antenna would be limited in length to \\ inches because of mechanical interference considerations. The wavelength is about 50 inches, and a l|-inch stub is too short (relative to the wavelength) to be an efficient radiator. Such a short element would be very difficult to feed, since the required impedance matching network would be lossy, narrow band, and sensitive to environmental changes.
The chance of mechanical interference would be reduced and the elements could be made longer by moving them close to the top of the satellite. Since they would also be closer to one another, fewer elements might be satisfactory. The computer program was modified to permit calculation of radiation patterns when the elements were not located on a great circle of the sphere but on a circle of any latitude.
When calculating patterns in a plane other than that containing the radiating elements, the orthogonally polarized field components must be determined at each point of observation. Thus, for the chosen spherical coordinate system, the component field in the 0 direction (E~) and that in the (p direction (E ) would be the logical choice. These components are readily found from Eq. (1) by a transformation of the coordinate system which allows an element to be located anywhere on the sphere instead of being limited to the position shown in Fig. 2 .
Geometry of the transformation is shown in Fig. 5 . Note that 6', which is measured from the center of the annular-slot element to any point P(0,<p), corresponds to 0 in Eq. (1). This change in notation permits use of the unprimed coordinate (6) in the new, transformed coordinate system which applies to the more general case where the slot can be located anywhere on the sphere. The coordinates of the center of the slot are 0 and cp , as indicated in 
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Having found the angle ip from Eqs. (3) or (4), we may split the known relative field E(0') from Eq. (1) into orthogonal components; thus,
where 0 ^ 0' ^ 180° and i is the unit vector. When 180° < <p -<p < 360°, use the plus sign; when 0° < <p -q> < 180°, use the minus sign. For the special case of (p = cp,
E(0,<?) = -E(0') when 0 < 0 .
Equations (2) and (4) through (7) were programmed for the computer (see Appendix). Equation (4) is preferred over Eq. (3) for the computer, since it gives unambiguous principal values of the angle ip. This modified program permits calculation of the relative field at any point in the space around a sphere, with any number of radiators located anywhere on the sphere and fed with voltages of any phase and magnitude. It was made general for possible future use on other array configurations.
The configuration considered most practical for LES telemetry application, at this time, was the 4-element array finally adopted and described in Sec. II above. Four small annular slots, equally spaced around a sphere with ka = 1.62 and 0 = 64.5°, constitute the equivalent antenna. One of the elements is taken to be the reference element at ip = 0; the elements are fed in phase rotation, with the excitation voltage to each delayed an amount equal to the element's <p -coordinate.
In general, the resultant field is elliptically polarized; but, with perfect excitation, it is circularly polarized at 0 = 0° and 180°. Basically, the configuration is analogous to a turnstile antenna. However, the performance is modified by the conducting sphere which is equivalent to the polyhedron satellite body.
In the equatorial plane (9 = 90°), the principal polarization (E 0 as afunction of </>) calculates to be omnidirectional to within ±0.6 db. E (</>) is not so omnidirectional, deviating by ±4.3 db. Patterns presented in Figs. 6(a) through (q) were calculated and plotted by the computer for constant values of G in 10° steps from 10° through 170°. On Fig. 6(a) is a sketch defining the coordinate system; Fig. 6(i) is the plot for the equatorial plane (9 -90°) from which the values cited previously were taken. At 9 = 0° and 180°, orthogonal field components are equal in magnitude and constant with cp.
In addition to the magnitudes, the computer gives the phase of each component at each calculated point so that the resultant field can be found, if desired. Since the intention is to use linearly polarized receiving antennas at the ground telemetry terminal, variation of the linearly polarized components around the spin axis of the satellite is important. "Conical-cut" patterns, such as those presented in Figs. 6(a) through (q), indicate the variation that can be expected in the signal received by horizontally and vertically polarized antennas at any viewing angle as the satellite spins on its axis. Patterns are rotationally symmetric and repeat every 90° in <p; therefore, only one quadrant is presented in each figure. Reference level is the maximum which occurs at 9 = 180°, as shown by patterns calculated in planes of constant <p. These pattern cuts, through the spin axis, are shown in Figs , radiation is not symmetrical about the planes containing the antenna elements. Therefore, in general, maxima of E» do not occur in the planes of the elements and minima do not occur in the planes exactly between elements, as might be expected.
Radiation pattern information is summarized in Figs. 8 and 9 for use in estimating the effect of radiation characteristics on the performance of the telemetry link. Figure 8 is the ratio between the maximum and the minimum field, for each polarization, as a function of 9. If, for example, the angle between the ground station and the spin axis is 80°, Fig. 8 shows that E would vary as much as 9.1db as the satellite rotates about its axis, while E" would vary less than 1.6 db. Figure 9 shows that the average power level would be about -6.5 db for E and -4.2 db for E Q , with the field at 9 = 180° as the reference. Actually, Fig. 9 gives the average of maximum and minimum fields which (in db) is close to the average power level since the variation is almost sinusoidal. In the practical telemetry circuit, the variation observed would depend also on the method of detection.
Sufficient information is contained in the patterns to calculate the approximate directivity of the antenna by point-to-point integration. Thus, the maximum pattern directivity over isotropic for each field (E or E ) is given by
with the summation carried out over all of the area around the antenna for which the patterns were calculated, taking advantage of symmetry to reduce the number of points. The equation
is an approximation because a finite number of points are used; the larger the number of points and the closer together they are, the more accurate the value for the directivity. E is the magnitude of the largest field at any point in the pattern. For a pattern normalized to the maximum, it becomes unity, of course. E is the magnitude of either the <p or 0 field (depending on the field for which the directivity is being calculated) at each point {Q,cp).
The computer was programmed (see Appendix) to store all the field information and use it to solve Eq. (8) for the maximum directivity at the reference (6 = 180°). For E_, directivity is 3.86 times that of an isotropic antenna; for E , it is 2.54. As stated before, this is the radiation-pattern directivity which is a function only of the shape of each three-dimensional radiation field. At 6 = 180°, the resultant ideal field is known to be circularly polarized, as computed values of E" and E are equal in magnitude and in phase quadrature. This means that the power must be divided between the two fields in inverse proportions to their directivities, and the directivity of each linearly polarized component field is given by and the directivity of the resultant circularly polarized field is twice that of each component, or 4.85 db.
The gain of the test model antenna was measured at 0 = 90° and (p --17°, as this was a more convenient reference for the test setup than 0 = 180°. Translating this to 0 = 180° by means of measured radiation patterns, the gain to linear polarization is found to be about 2 db above isotropic for one field and 1 db below isotropic for the orthogonal field. (Due to imperfect excitation, the experimental field is not circularly polarized.) From this, the gain of the resultant elliptically polarized field is calculated to be 3.76 db. Since the difference between directivity and gain is the loss in the antenna radiators and transmission-line system, this loss calculates to be about 4.84 -3.76 db = 1.08 db, which is reasonable.
With the theoretical maximum directivity of each linearly polarized component field now known, the directivity at any point in space can be read, or interpolated, from the patterns shown in Figs. 6 and 7. Adding 1.84 db to any value found from these plots gives the directivity over isotropic at that point.
IV. MODEL STUDY
As indicated in Sec. Ill above, the first design consisted of six elements on a great circle through the satellite. The elements were restricted to \\ inches in length in order not to shadow the solar panels. This system accomplished the desired result in that there was radiation at all angles from the satellite in some polarization; however, the system had two basic faults. First, the polarization varied as the satellite was rotated about the spin axis, i.e., at 180 rpm, while the ground station finally chosen consisted of two linearly polarized receiving antennas either one of which, but not both, could be receiving at the same time. Second, and greater, the impedance matching device on the antenna could not maintain a match over the temperature changes of its environment. The theoretical impedance and some measured data for various length antennas are shown in Fig. 10 . The calculated VSWR of the l|-inch stub is about 2000:1, but the antenna was matched using a shorted shunted stub approximately 6 inches from the feed point. However, the positioning of this device was so critical that a 50°F change in temperature resulted in a change in VSWR from 1.0 to 1.5. The antenna must work over at least a 100°F range; therefore, the longer antenna shown in Fig. 1 was tested. Its input impedance is approximately 9-jl04ohms and the corresponding VSWR is about 70:1. This impedance was reduced to 50 ohms by inserting a tee in the coaxial line (Fig. 11) with an adjustable short circuit on one arm. The VSWR of each antenna was reduced to approximately 1.1:1. It was physically impossible to measure the impedance of one antenna with the other antennas excited, but the input VSWR of the feed harness terminated in the four matched elements is about 1.15:1 (average of five harnesses).
This feed harness was composed of electrically measured lengths of coaxial line and impedance transformers (Fig. 12) so that there was a successive 90° delay between the four stubs and a roughly 50-ohm impedance at the input. Since the phase delay was inserted by varying cable length, it was necessary to find a coaxial line which would retain phase stability over a large temperature range. This line would naturally change phase with temperature; however, it should not change electrical length permanently. Two types of cable were temperature cycled: RG-188/U, a Teflon-insulated flexible cable; and a 0.161 semi-rigid coaxial line with a helical cut irradiated polyolifin dielectric. These cables were alternated between liquid nitrogen and boiling water five times, and the Teflon cable was found to have changed electrical length permanently by approximately 2 percent while the helical cut dielectric cable change was unmeasurable.
TM connectors were chosen because they mechanically clamp to the semi-rigid coaxial cable. This design permitted the use of aluminum connectors, thus reducing weight. The weight of the entire harness and antennas is 3^ ounces.
At each tee, a section of 35-ohm coaxial transmission line was inserted to match the junction to 50 ohms. This cable was of the same design as the 50-ohm cable except for inner-conductor size. The 50-ohm connectors were used on this 35-ohm line. Each transformer was measured and cut electrically so that it and the tee, and two 50-ohm loads, presented an input VSWR of 1.05 or less. Each cable electrical length was also measured in an attempt to keep the misphasing under 2° or about | cm in cable.
Antenna patterns were measured using a sheet-metal model of the satellite with the stub antennas mounted on the triangular panels and the feed harness inside. The test model was then mounted about 9 feet above the ground on an approximately 8 x 3 x 1-foot styrofoam pillar (Fig. 13) . A single cable was run down the center of the pillar through a rotary joint to the receiver. Antenna patterns were measured using two orthogonal linearly polarized transmitted signals (vertical and horizontal). The satellite and transmitter were placed outside over relatively flat ground. At this frequency there are problems with reflections which must be tolerated as no anechoic chamber is available. Tests were made to determine the effect of the reflections by changing the distance between the transmitter and receiver in increments of 1 foot for about 5 steps (i.e., from 26 to 30 feet).
The depth of nulls was affected but, generally speaking, the basic patterns did not change for either polarization. Most of the patterns were taken with the satellite in the position shown in Fig. 13 ; that is, the satellite was rotated in a constant 6-plane, varying <p. A typical pattern is shown in Fig. 14. For the conical cuts, the transmitting antenna was elevated and the satellite was in the position shown in Fig. 13 , then rotated 180° on the styrofoam resulting in two cuts equi-angle from the equator. These are shown in Figs. 15(a) through (f). Several patterns were taken varying 0, with ip held constant. It is almost impossible to physically mount the satellite in those positions corresponding to the theoretical patterns. This, in part, can explain the difference in results obtained.
Three flight models of the LES were moved to the Antenna Test Range for pattern and effective radiated power measurements (Fig. 3) . The telemetry transmitter was operating («500-mw output) and the signal was received on two orthogonal linear polarizations. Figure 14 shows the effective radiated power and equatorial pattern of the LES-2 package. The gain calculated from this measurement is about 0.6 db below isotropic at 0 = 90°. The measurements on the other flight items provided approximately the same results with gain at 0 = 90° near isotropic.
On 11 February 1965, the first satellite (LES-1) was launched from Cape Kennedy. It went into a circular parking orbit with the third stage of the Titan III A launch vehicle, as planned. A rocket package, which was supposed to inject the satellite into an elliptical orbit, failed to fire and to separate itself from the satellite. Therefore, the satellite with the injection package attached is apparently tumbling as well as spinning about its axis. This seems evident from the nature of the signals received. Indications are that the telemetry antenna survived the launch and is operating as expected, even though the radiation characteristics are altered by the presence of the injection package.
On 6 May 1965, LES-2 was launched from Cape Kennedy on a Titan III A and this time it went into the planned elliptical orbit. All systems are operating, and performance of the telemetry antenna is satisfactory.
V. CONCLUSIONS
A practical VHF telemetry antenna has been developed for the Lincoln Experimental Satellite. It consists of four short-stub antenna elements mounted on triangular panels of the satellite and fed in phase rotation. All the performance criteria were met, and operation in the space environment is satisfactory.
There is reasonable agreement between theoretical and measured radiation characteristics. These show that, at any point in space around the satellite, the effective radiated power in one of two orthogonal linearly polarized fields is always large enough to be utilized by the ground station, which employs a polarization diversity antenna system. Theoretically, maximum signal occurs at 0 = 180° where the field is circularly polarized. Directivity, at this coordinate, was computed to be 4.84 db. Model measurements confirm that maximum field occurs off the bottom of the satellite, but the field is elliptically polarized because of imperfect excitation of the antenna elements. Gain, to matched polarization, was calculated (from measured data) to be 3.76 db. The difference, 1.08 db, is attributed to losses in the elements and in the transmission-line system.
All components were designed to survive the environmental extremes imposed by the launch into orbit, and to operate in space. After thorough testing on the ground, two satellites were placed in orbit where satisfactory operation has proven the design. 
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